Glutathione is synthesized in two sequential reactions catalyzed by ␥-glutamylcysteine synthetase (GSH1 gene product) and glutathione synthetase (GSH2 gene product). The expression of GSH1 in Saccharomyces cerevisiae has been known to be up-regulated by Yap1p, a critical transcription factor for the oxidative stress response in yeast. The present study demonstrates that GSH2 expression is also regulated by Yap1p under oxidative stress-induced conditions. In addition to oxidative stress, expression of GSH1 and GSH2 was induced by heat shock stress in a Yap1p-dependent manner with subsequent increases in intracellular glutathione content. Oxygen respiration rate increased when cells were exposed to higher temperatures, and as a result, intracellular oxidation levels were increased. The heat shock-induced expression of GSH1 and GSH2 did not occur under anaerobic conditions. Furthermore, even under aerobic conditions, the heat shock response of these genes was not observed when cells were pretreated with KCN to block oxygen respiration. We speculate that heat shock stress enhances oxygen respiration, which in turn results in an increase in the generation of reactive oxygen species in mitochondria. This signal may be mediated by Yap1p, resulting in the elevation of intracellular glutathione levels.
1
A sudden increase in the temperature at which cells are growing induces the synthesis of a set of HSPs. When the temperature of Escherichia coli cells is increased from 30 to 42°C, the intracellular concentration of sigma factor 32 increases 15-20-fold. The sigma factor is one of the components of E. coli RNA polymerase, and substitution of a vegitative sigma factor ( 70 ) by 32 modifies the RNA polymerase to specifically recognize the promoter of HSP genes. In higher eukaryotes, a heat shock transcription factor is trimerized, phosphorylated, and translocated into the nucleus by heat shock stress and binds to the heat shock element (HSE) on the promoter of HSP genes to activate transcription (for a review, see Ref. 1) .
In addition to the heat shock response, extensive studies have been done on the oxidative stress response (for a review, see Ref. 2) . One of the transcription factors that is critical for the oxidative stress response in the budding yeast Saccharomyces cerevisiae is Yap1p (3) (4) (5) (6) . Yap1p contains the b-Zip domain in the N terminus, which binds to the YRE consensus DNA sequence (Yap1p-response element; consensus sequence, 5Ј-TTA(C/G)TAA-3Ј) (7) . Yap1p resides both in the cytoplasm and nucleus under nonstressed conditions. Upon oxidative stress, Yap1p is concentrated in the nucleus where it activates the transcription of its target genes (8) . Because DNA binding activity and protein levels of Yap1p do not increase significantly with oxidative stress (8 -10) , nuclear localization is believed to be the critical step in its activation (8, 11) . Localization of Yap1p in the nucleus is controlled by Crm1p-mediated nuclear export through the nuclear export sequence (11, 12) . The C terminus of Yap1p contains a cysteine-rich domain where three Cys-Ser-Glu sequence motifs may be redox sensors (8, 12, 13) . Because the cysteine-rich domain partially overlaps the nuclear export sequence, deletion of the cysteine-rich domain causes constitutive localization of Yap1p in the nucleus (8) .
Glutathione (GSH) is synthesized in two sequential reactions catalyzed by ␥-glutamylcysteine synthetase (EC 6.3.2.2, Gsh1p) and glutathione synthetase (EC 6.3.2.3, Gsh2p) in the presence of ATP. Because the GSH1 gene encoding the former enzyme is one of the targets for Yap1p (14) , intracellular GSH content is increased with oxidative stress (15) . GSH has many physiological functions in vivo (16, 17) . One of the most important functions of GSH in the cell may be that of an antioxidant. GSH can directly react with hydroxyl radicals to reduce them to H 2 O (18). Furthermore, GSH can serve as an electron donor for glutathione peroxidase (19 -21) . GSH is also an important factor in determining tolerance against oxidative stress in yeast (15) . We have previously identified the structural gene for glutathione synthetase (GSH2) in S. cerevisiae (22) . In the present report, we demonstrate that the expression of GSH2 is regulated by Yap1p in the oxidative stress response. Furthermore, we have discovered a typical HSE in the 5Ј-noncoding region of GSH2 and show the correlation between heat shock response and GSH synthesis in S. cerevisiae.
MATERIALS AND METHODS
Strains and Plasmids-S. cerevisiae S288C (MAT␣ SUC2 mal mel gal2 CUP1) and YPH250 (MATa trp1-⌬1 his3-⌬200 leu2-⌬1 lys2-801 ade2-101 ura3-52) were obtained from the Yeast Genetic Stock Center, University of California, Berkeley. The yap1 disruptant was constructed with pSM27 (yap1-⌬1::HIS3) (23) . Construction of YEp-YAP1 (YEp13ϩYAP1) was reported previously (24) .
Reporter Genes-Construction of GSH1-lacZ fusion (pCGSH1-lacZ) and GSH2-lacZ fusion (pCGHS2-lacZ2) clones in the single copy vector YCp50 (25) was described previously (13, 21, 22) . The artificial Yap1p-dependent lacZ reporter gene construct containing three SV40 AP-1 sites and the TATA box of the CYC1 promoter was also used to monitor Yap1p activity (8, 11, 26) .
Heat Shock Treatment-Cells were cultured in a 200-ml flask containing 50 ml of SD medium (2% glucose, 0.67% yeast_nitrogen_base without amino acids, pH 5.5) supplemented with appropriate amino * The costs of publication of this article were defrayed in part by the payment of page charges. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. Section 1734 solely to indicate this fact.
‡ To whom correspondence should be addressed: Research Inst. for Food Science, Kyoto University, Uji, Kyoto 611-0011, Japan. Tel.: 81-774-38-3773; Fax: 81-774-33-3004; E-mail: inoue@food2.food.kyoto-u. ac.jp. 1 The abbreviations used are: HSP, heat shock protein; HSE, heat shock element; YRE, Yap1p-response element; bp, base pairs; STRE, stress-response element.
acids and nucleobases at 23°C in a water bath incubator with reciprocal shaking. When A 610 reached 1.0, the flask was transferred immediately to a water bath incubator preheated to 41°C, and cells were incubated for another hour with reciprocal shaking. For anaerobic cultures, the medium was flushed with nitrogen gas for 2 min after subculture of the cells, sealed, and incubated without shaking at 23°C. To block oxygen respiration during heat shock treatment under aerobic conditions, 1 mM KCN was added just before heat shock treatment.
Preparation of Cell Extracts-Cells collected by centrifugation were washed once with 0.85% NaCl solution and suspended in 10 mM TrisHCl buffer (pH 7.5) containing 0.1 mM phenylmethylsulfonyl fluoride. Cells were disrupted with glass beads in a vortex mixer at maximum speed for 2 min (30-s agitation separated by 1-min intervals on ice). Cell homogenates were centrifuged at 25,000 ϫ g for 20 min at 4°C, and the supernatants were used as cell extracts.
Northern Blot Analysis-Total RNA was prepared according to the method of Schmitt et al. (27) . The probe for the GSH1 gene is the region between 514 and 950 bp downstream from the translational initiation codon (ATG). The probe for the GSH2 gene corresponds to the region between 160 and 1073 bp downstream from the ATG codon. Each DNA probe was labeled with [␣- 32 P]dCTP with a random primer labeling kit (Takara Shuzo, Kyoto, Japan). After hybridization, each mRNA band was visualized with the Fujix Bio-Imaging Analyzer BAS2000 (Fuji Photo Film, Tokyo, Japan).
Enzyme Assays-␥-Glutamylcysteine synthetase activity was measured according to the method of Watanabe et al. (28) . One unit of activity was defined as the amount of enzyme that synthesizes 1 mol of ␥-glutamylcysteine per h at 37°C. Glutathione synthetase activity was assayed as described previously (29) except that the cell extracts were passed through a Sephadex G-25 column (NAP-5 Column, Amersham Pharmacia Biotech) before use. One unit of glutathione synthetase activity was defined as the amount of enzyme forming 1 mol of GSH per h at 37°C. ␤-Galactosidase activity was assayed as described by Miller (30) . One unit of activity was defined as the amount of enzyme that increased the A 420 by 1000/h at 30°C. Protein concentration was determined by the method of Bradford (33).
Measurement of GSH Content-Intracellular GSH was extracted as described previously (15), and GSH concentration was determined according to the method of Tietze (34) .
Intracellular Oxidation Level-The intracellular oxidation level of yeast was measured using the oxidant-sensitive probe 2Ј,7Ј-dichlorofluorescin diacetate (Molecular Probes, Eugene, OR) (35) . 2Ј,7Ј-Dichlorofluorescin diacetate is hydrolyzed by an esterase after incorporation into yeast cells, and its hydrolyzed product, 2Ј,7Ј-dichlorofluorescin, reacts with peroxides to give 2Ј,7Ј-dichlorofluorescein, a fluorescent label (36) . Cells grown exponentially in SD minimal medium were collected and resuspended in fresh SD medium containing 0.01 mM 2Ј,7Ј-dichlorofluorescin diacetate. After incubation at 23°C for 15 min, the cells were further incubated at 23 or 41°C for 1 h and then rapidly chilled on ice for 15 min. Cells were resuspended in 100 mM potassium phosphate buffer (pH 7.0) and disrupted with glass beads in a Vortex mixer for 3 min. Cell extracts (70 l) were mixed in 500 l of 100 mM potassium phosphate buffer (pH 7.0), and fluorescence was measured with ex ϭ 490 nm and em ϭ 524 nm using a Hitachi F-3000 spectrofluorometer. Measurements at em ϭ 524 nm were normalized to the concentration of protein (mg) in the mixture.
Measurement of Oxygen Respiration-Cells were grown to log phase in SD minimal medium and harvested by centrifugation at 25°C. The cells were resuspended to a density of 1 ϫ 10 8 cells/ml in phosphatebuffered saline (pH 7.4) containing 0.2% glucose. The oxygen consumption rate was monitored continuously with the Clark-type oxygen electrode (Hansatech, Ltd., King's Lynn, United Kingdom) for 7 min at 23 or 41°C, 1 mM KCN was added, and the oxygen respiration rate was recorded for another 4 -5 min. The KCN-inhibited respiration rate was determined as a function of differential slopes.
RESULTS

Expression of GSH2 Is
Regulated by Yap1p-Biosynthesis of GSH is performed in two sequential reactions catalyzed by ␥-glutamylcysteine synthetase and glutathione synthetase. Expression of the gene encoding the former enzyme (GSH1) in S. cerevisiae has been reported to be up-regulated by the Yap1p transcription factor (14) . To quantitate the expression level of GSH1 in response to Yap1p, we constructed the GSH1-lacZ reporter gene. As shown in Fig. 1C , ␤-galactosidase activity (from the GSH1-lacZ construct) increased in cells carrying YEp-YAP1, whereas activity decreased in the yap1⌬ mutant. This was confirmed by Northern blot analysis and enzyme activity assays (Fig. 1, A and E) . Because these studies show that the GSH1-lacZ construct is regulated by Yap1p, expression of the construct can be used to monitor Yap1p activity.
The GSH2 gene encoding glutathione synthetase of S. cerevisiae was identified independently by Grant et al. (37) and by this laboratory (22) . To determine whether the expression of GSH2 is regulated by Yap1p, we analyzed GSH2 mRNA levels (Fig. 1B) , GSH2-lacZ reporter gene expression (Fig. 1D) , and glutathione synthetase activity (Fig. 1F ) in yeast strains carrying a different copy number of the YAP1 gene. All levels increased in the strain carrying the multicopy YAP1 gene, whereas levels decreased in the yap1⌬ mutant.
To assess whether GSH2 expression is induced by oxidative stress in a Yap1p-dependent manner, ␤-galactosidase activity was measured in wild-type and yap1⌬ mutant strains carrying the GSH2-lacZ reporter gene. As is shown in Fig. 2B , ␤-galactosidase activity increased in the wild-type cell with hydrogen peroxide, tert-butyl hydroperoxide, and diamide treatment. However, the oxidative stress-induced expression of the GSH2-lacZ reporter gene was abolished in the yap1⌬ mutant. Essentially the same pattern was also observed for GSH1-lacZ ( Fig.  2A) , which is a target for Yap1p (Fig. 1C) . Taken together, we concluded that GSH2 expression was regulated by Yap1p under oxidative stress-induced conditions.
Induction of Glutathione Synthesis by Heat Shock-We found a typical HSE in the 5Ј-noncoding region of GSH2 from S. cerevisiae (consensus, nGAAnnTTCnnGAAn; GSH2, TGAACCTTCTTGAAT) at Ϫ119 bp upstream from the translational initiation codon, which had been determined previously (22) . We then measured GSH content in the cells that were exposed to heat shock stress. Fig. 3A shows that GSH content was increased by a small but statistically significant extent after heat shock treatment. We estimated GSH synthesis by monitoring the expression of lacZ fusion genes. Expression of GSH1-lacZ and GSH2-lacZ reporter genes in the wild type was slightly increased with heat shock (Fig. 4, A and B) . In contrast, expression of the lacZ gene driven by SV40 AP-1 sites directly upstream of the TATA box of the CYC1 promoter was not induced under the same conditions (Fig. 4C) .
To examine the contribution of Yap1p to the heat shockinduced expressions of GSH1 and GSH2, we treated the yap1⌬ mutant carrying the lacZ reporter gene with heat shock. As is shown in Fig. 4 , no induction was observed with GSH1-lacZ or GSH2-lacZ or the artificial Yap1p-dependent lacZ reporter gene (AP-1-CYC1-lacZ). Consequently, intracellular GSH content did not increase (Fig. 3A) . These results suggest that Yap1p is at least involved in the heat shock-induced expression of GSH1 and GSH2.
Increase of Intracellular Oxidation Level by Heat Shock-It has been known that increased temperature enhances consumption of oxygen in respiration (38 -40) . We confirmed that the oxygen respiration rate increased approximately 2-fold when the yeast cell was transferred from a 23 to 41°C environment (Fig. 5A) . Thus, heat shock treatment may enhance the generation of reactive oxygen species in mitochondria caused by an increase in the oxygen respiration rate. We measured the intracellular oxidation level in cells after heat shock treatment and found that it increased substantially (Fig. 5B) . These results suggest that the reactive oxygen species generated by a shift to a higher temperature may activate Yap1p, which in turn would enhance the expression of GSH1 and GSH2. To test this hypothesis, two experiments were performed. First, we treated cells grown under aerobic conditions with heat shock stress in the presence of KCN to block oxygen respiration in mitochondria. Fig. 6 shows that heat shockinduced expression of GSH1 and GSH2 was not observed under these conditions. We next cultured the cells under anaerobic conditions to reduce oxygen respiration and then exposed the cells to heat shock stress. Neither induction of GSH1 and GSH2 (Fig. 6 ) nor an increase in GSH (Fig. 3B) was observed. These results suggest that heat shock stress may enhance the generation of reactive oxygen species in mitochondria, with a subsequent increase in the rate of GSH synthesis under the control of Yap1p.
DISCUSSION
Yap1p
Regulates Glutathione Metabolism in Yeast-Estimation of mRNA levels by Northern blot analysis indicates that GSH2 levels were significantly lower than GSH1 (Fig. 1, A and  B) . This was quantitated with the lacZ reporter gene assay. As   FIG. 1 . Effect of Yap1p on the expression of GSH1 and GSH2. A and B, total RNA was prepared from the cells of wild type (WT) or yap1⌬ mutant or YAP1-overexpressing strain (YEp-YAP1). Northern blot analysis was performed as described under "Materials and Methods," and levels of actin mRNA (ACT1) are shown as control. C and D, extracts were prepared from cells carrying the GSH1-lacZ or GSH2-lacZ reporter gene in wild type or yap1⌬ mutant or YAP1-overexpressing strain, and ␤-galactosidase activity was assayed. Data are a summary of three independent experiments. E and F, cell extracts were prepared as described above, and the activities of ␥-glutamylcysteine synthetase (E) and glutathione synthetase (F) were assayed. Data for ␥-glutamylcysteine synthetase are a summary of three independent experiments (*, p Ͻ 0.01) and for glutathione synthetase, four independent experiments (**, p Ͻ 0.02). Bars, mean Ϯ S.D. is shown in Fig. 1, C and D, ␤-galactosidase activity derived from the GSH2-lacZ construct was approximately 15 times lower than that derived from GSH1-lacZ. These results suggest that glutathione synthetase is the rate-limiting step for de novo synthesis of GSH. However, as we reported previously, overexpression of GSH2 did not increase intracellular GSH content (22) . In E. coli (41) and higher eukaryotes (42) , the bottleneck for the synthesis of GSH was postulated to be at the ␥-glutamylcysteine synthetase reaction. In the present study, the specific activity of Gsh2p (0.028 Ϯ 0.002 units/mg of protein, Fig. 1F ) was comparable to that of Gsh1p (0.040 Ϯ 0.002 units/mg of protein, Fig. 1E ). Rather, these results imply that it is the turnover rate of Gsh1p and Gsh2p that may be different in the yeast cell.
The Yap1p transcription factor is critical for the oxidative stress response in yeast, and genes such as GSH1 (14) , TRX2 (26), GLR1 (43) , and YCF1 (44) have been identified as targets for Yap1p. Recently, we determined that the expression of GPX2, which encodes glutathione peroxidase, is also regulated by Yap1p (21) . In the present study, we have demonstrated that GSH2 expression is regulated by Yap1p. Therefore, the genes involved in the GSH-dependent reactive oxygen-scavenging system may be systematically controlled by Yap1p.
Yap1p binds to the DNA consensus element YRE, whose optimal nucleotide sequence is 5Ј-TTA(C/G)TAA-3Ј (7). The TRX2, GPX2, GLR1, and YCF1 genes have similar consensus sequences, whereas the GSH1 YRE (5Ј-TTAGTCA-3Ј) is slightly different from the optimal consensus sequence (14) . We found two YRE-like sequences in the GSH2 promoter: site 1, 5Ј-ATAGTCA-3Ј (Ϫ197 to Ϫ191 bp); and site 2, 5Ј-TTAGCTA-3Ј (Ϫ141 to Ϫ135 bp). A characterization of the properties of these two YRE-like sequences in the GSH2 promoter is now under investigation.
Yap1p Regulates Glutathione Synthesis in Heat Shock Response-As is shown in Fig. 3 , intracellular GSH content was increased after treatment of cells with heat shock stress. Because the GSH content did not increase with overexpression of GSH2 in yeast cell as was reported previously (22), we first hypothesized that the increase of intracellular GSH content by heat shock stress was due to increased rates of GSH1 expression. The overexpression of GSH1 can increase intracellular GSH content (45) . Though the GSH1 promoter does not contain the consensus HSE, we have demonstrated that the expression of GSH1 was increased by heat shock. The stress-response element, STRE (5Ј-AGGGG-3Ј or 5Ј-CCCCT-3Ј), is a cis-element that has been known to respond to environmental stress stimuli such as osmotic stress, oxidative stress, and heat shock stress (46) . Expression of HSP104, HSP26, HSP12, CTT1 , and DDR2 is enhanced by heat shock stress, and the signal is thought to be targeted to the STRE (47) . The GSH1 gene also has the putative STRE in its 5Ј-noncoding region at Ϫ780, Ϫ1048, and Ϫ1087 bp. The expression of GSH1 under oxidative stress-induced conditions caused by peroxides (hydrogen peroxide and tert-butyl hydroperoxide) and the GSH-oxidizing agent, diamide, was believed to be induced by Yap1p (48) . However, it has been reported that GSH1 expression is still induced in the yap1 null mutant by menadione, a superoxide radical-generating agent (48) . This observation suggests the possibility that the STRE-like sequence in the GSH1 promoter seems to operate as a cis-element. However, the heat shockinduced expression of GSH1 was not observed in the yap1⌬ mutant in our experiments (Fig. 4A) , indicating that the STRElike sequence in the GSH1 promoter may not be involved in the heat shock response. We also confirmed that the expression of GSH1 was not enhanced by osmotic stress (0.5 M NaCl for 60 min) (data not shown).
In contrast, an HSE consensus sequence is present in the 5Ј-noncoding region of GSH2. It has been reported that the trimerized heat shock transcription factor Hsf1p binds constitutively to the HSE and then activates the transcription of HSP genes in S. cerevisiae upon heat shock stress (49, 50) . Interestingly, the heat shock-induced expression of GSH2 was not observed in the yap1⌬ mutant (Fig. 4B) . The motif sequences of YRE and HSE are different; therefore, the putative HSE located in the GSH2 promoter might not function as a cis-element for the heat shock response in S. cerevisiae.
Cross-talk between Heat Shock Stress and Oxidative StressBecause it is not clear whether Yap1p responds directly to the heat shock signal, we proposed the following scenario. (i) Heat shock stress enhances oxygen respiration in mitochondria, which may increase the generation of reactive oxygen species.
(ii) Reactive oxygen species from mitochondria may increase oxidation levels in cells. (iii) Yap1p senses the increase of intracellular oxidation level as an oxidative stress and activates transcription of its target genes. To confirm this hypothesis, we measured the oxygen respiration rate and intracellular oxidation level of the cells after heat shock stress. As is shown in Fig. 5 , both values were increased by heat shock stress. N-Acetylcysteine partially repressed the heat shock-induced expressions of GSH1 and GSH2 (data not shown). Additionally, the heat shock response of GSH1 and GSH2 (Fig. 6 ) and the increase in GSH content did not occur under anaerobic conditions (Fig. 3B) . Furthermore, the heat shock response of GSH synthesis was not observed even under aerobic conditions if KCN was present (Fig. 6) , where KCN inhibits cytochrome c oxidase (51) and blocks oxygen respiration in mitochondria. From these observations, we speculated that the heat shock response of GSH1 and GSH2 was in part triggered by an increase in the generation of reactive oxygen species in mitochondria, and the signal is likely to be mediated by Yap1p. However, expression of the Yap1p-dependent lacZ reporter gene, which has the artificial promoter with SV40 AP-1 sites and the TATA box of the CYC1 promoter, was not induced by heat shock stress (Fig. 4C) . These results imply that Yap1p may be necessary for the heat shock-dependent induction of GSH1 and GSH2, but Yap1p alone is not enough to mediate the heat shock stress to its target genes.
Gounalaki and Thireos (52) reported that heat shock-induced expression of the TPS2 gene requires Yap1p. Because the TPS2 promoter contains four STRE, expression of TPS2 may be induced by a variety of stress stimuli including heat shock. However, the TPS2 promoter does not contain the YRE. The authors (52) also reported that Yap1p was not required for transcriptional induction through the HSE. As we have demonstrated here, the STRE found in the GSH1 promoter and the HSE in the GSH2 promoter are not likely to be involved in heat shock response. It is known that the expression of many genes is controlled by cooperative action of multiple transcription factors in yeast and other eukaryotic cells. Therefore, it remains a possibility that unknown factor(s) may receive the oxidative stress signal, which is caused by heat shock stress, on GSH1 and GSH2 promoters and modulate the activity of Yap1p, i.e. DNA binding activity or transcriptional activity, or both.
This hypothesis is reasonable if we assume that an increase in de novo synthesis of GSH as well as antioxidant enzymes such as catalase (47) occurs to scavenge the harmful reactive oxygen species that may be formed in the cells at higher temperatures. We now are in the process of analyzing the biochemical significance for an increase in GSH synthesis in the heat shock response of S. cerevisiae.
